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provide hermetic sealing of fluids. Several different types of active valves employing materials including hydrogels (Beebe et al. 2000; Luo et al. 2003) , polymers monoliths (Luo et al. 2003; Chen et al. 2008) , waxes (Liu et al. 2004; Park et al. 2007) , and ink (Garcia-Cordero et al. 2010 ) have been described, but these materials require external stimuli such as pH shift, light, or heat to actuate, often employ complex fabrication processes that are not amenable to low-cost diagnostics, and can suffer from issues with biocompatibility, contamination, and unwanted interaction with bioactive materials.
Here we demonstrate a new approach to the integration of single-use normally closed burst valves in thermoplastic microfluidic devices that are directly compatible with thermoplastic fabrication of cyclic olefin copolymer (COC) devices. The integration of burst valves into thermoplastic microfluidics presents a particular challenge, since established thermoplastic bonding methods have been developed with the goal of providing a permanent seal between the microfluidic substrates. The approach presented here takes advantage of a selective solvent swelling technique (Rahmanian et al. 2012; Rahmanian and DeVoe 2013) that allows small open pockets to be created within a surrounding substrate sealed by solvent bonding. By fabricating two discontinuous microchannels in the substrate prior to solvent bonding and positioning the unbonded pocket between the proximal ends of these channels, a continuous bridge supporting fluid flow between the channels is formed. Subsequent thermocompression bonding of the device closes this pocket, which is fabricated with a nominal height of several micrometers, generating an interfacial bond that is weaker than the surrounding solvent bonded substrate. The thermally bonded region acts as a robust single-use pressure-controlled valve, preventing fluid flow in its initial state, but permanently opening upon application of a predefined pressure within one of the discontinuous channels. This approach is conceptually similar to the successful realization of normally closed valves in elastomeric polydimethylsiloxane (PDMS) substrates through the selective patterning of unbonded valve regions (Mosadegh et al. 2011) , but with the ability to tune the burst pressure with the addition of a thermal bonding step, and to achieve a permanently open channel following valve actuation, while taking advantage of the favorable properties of thermoplastic materials for microfluidic applications. In this paper, we detail the valve fabrication process and pressure-controlled actuation mechanism and investigate the relationships between valve design parameters and the resulting burst pressure and operational back pressure for the fabricated valves. Fabricated valves with actuation pressures in the range of 1-2 MPa and negligible back pressure are realized. Furthermore, by combining burst valves with integrated screw pumps, we explore the packaging of different solutions on chip, followed by selective valve actuation and flow control using a simple manual pumping technique. Lastly, on-chip packaging, sealing, reconstitution, and release of dehydrated fluorescein salt are investigated to demonstrate the utility of the burst valves for on-chip storage of assay reagents within thermoplastic devices.
Experimental

Materials and reagents
Thermoplastic 1020R COC plaques (2 mm thick) were purchased from Zeon chemicals (Louisville, KY). Reagent grade cyclohexane was obtained from Sigma (St. Louis, MO) Wafer dicing tape was acquired from Semiconductor Equipment Corporation (Moorpark, CA). Needle tubing segments (gauge 22 s, 710 µm o.d. 150 µm i.d.) were purchased from Hamilton Syringe (Reno, NV) Stainless steel machine screws (3 mm diameter, 350 µm pitch) were purchased from Small Parts (Miami Lakes, FL).
Microfluidic chip fabrication
Microchannels were directly milled into a COC plate using a computer numerical control (CNC) milling machine (MDX-650A; Roland, Lake Forest, CA). Inlet/outlet ports and on-chip reagent reservoirs were milled using the same CNC tool using 650 µm and 2-mm-diameter drill bits, respectively. The inlet reservoirs were then self-tapped to form threaded ports using a stainless steel screw. The machined chips were sonicated in deionized (DI) water for approximately 10 min to clear debris and sequentially cleaned by methanol, isopropanol, and DI water, followed by drying in nitrogen gas and overnight degassing at 75 °C under vacuum.
Burst valve fabrication and bonding
The burst valve integration process is fully compatible with conventional thermoplastic chip fabrication based on solvent bonding. As described in Fig. 1 , the surface of a COC chip containing microchannels is covered with a sheet of dicing tape patterned with holes aligned to the desired burst valve regions. The chip is placed in a UVozone (UVO) system (PDS-UV, Novascan Technologies, Ames, IA) for 20 min (Fig. 1b) . After removing the blue tape, vapor phase solvent bonding (Chen et al. 2009b; Rahmanian et al. 2012; Rahmanian and DeVoe 2013 ) is used to bond the chip to a mating COC plaque (Fig. 1c, d ). Briefly, a glass dish containing 200 ml of cyclohexane was heated to 30 °C in an oven. The UVO-exposed COC chip was positioned face down at the top of the glass dish, with a sheet of solvent resistant tape to hold the chip in place, 5 cm away from the liquid cyclohexane surface. The fabrication process allows for either the chip containing microchannels or the COC capping layer to be exposed to solvent during bonding process. For cases where reagents are integrated into the microchannel substrate, exposure of the capping layer is preferred to prevent unwanted exposure of reagents to potentially harmful solvents. After exposure to solvent vapor for 5 min (Fig. 1c) , the microchannel substrate was promptly removed from the solvent dish and brought into aligned contact with its mating COC lid substrate containing inlet and outlet ports (Fig. 1d) . The assembly was then placed in a hot press (AutoFour/15, Carver, Wabash, IN) at a pressure of 3,500 kPa for 1 min at room temperature to promote intimate substrate contact during the solvent bonding process. Following minimum 8-h incubation at room temperature to allow evaporation of solvent, the open-valve regions were thermally bonded at an elevated temperature of 95 °C and pressure of 4,800 kPa for 10 min (Fig. 1e) .
Valve actuation and pressure measurements
High-pressure needle ports (Chen et al. 2009b ) were used to interface the chip with an analytical liquid chromatography pump (PU-2089; Jasco, Easton, MD) providing precise volumetric flow rates and pressure measurements with 0.1 MPa resolution during device characterization. A constant flow rate was applied to the inlet, and the applied pressure was continually monitored using the pump. Valve actuation was readily determined by a large drop in back pressure and immediate visible release of liquid downstream of the valve. Valve actuation was also accompanied by a characteristic audible signal resulting from the sudden failure of the weak thermal bond at the valve interface. Back pressure was measured 1 min after initial opening of the valve while pumping DI water through the valve at 2 µl/ min. Steady-state inlet pressure is typically observed following 20 s after valve actuation.
For manual valve actuation, small volumes of water spiked with food coloring were pipetted into the reagent reservoirs. Stainless steel screws were gently inserted to seal the reservoirs by turning approximately one half turn after seating each screw against its mating threads. Valve actuation was performed by manually rotating the screws with a small screwdriver.
For devices prepared with sealed fluorescein salt, syringe pumps (Harvard Apparatus) and glass syringes (Hamilton) were connected to chip inlets via capillary tubing (ColePalmer) and appropriate fittings (Upchurch Scientific) to provide the desired input pressure for valve actuation.
Results and discussion
Due to their low material cost and compatibility with a wide range of industrial-scale replication methods, thermoplastics are ideal materials for disposable point-of-care diagnostic assays. In particular, COC is an attractive material due to its high transparency and low autofluorescence, exceptional dimensional stability, low water absorption, and low gas permeability. In addition, COC offers excellent chemical compatibility, including good resistance to a range of common solvents. However, by selecting a solvent with Fig. 1 Burst valve fabrication process. a Discontinuous microchannels are formed in a COC substrate which is, b selectively treated with UVO, yielding an oxidized chemical masking layer in the treated valve area. c Exposure of the substrate to solvent vapor induces orogenic growth in the unmasked areas, controllably raising the surface height outside of the valve region. During this process, solvent is prevented from entering the substrate within the oxidized UVO-treated valve region. d Aligned solvent bonding with a mating COC chip containing pre-milled access ports creates a gap connecting the discontinuous channels across the solvent-free valve region. e Thermal bonding of the chip collapses the valve gap, resulting in a bond in the valve region that is weaker than the solvent bond within the field of the chip a solubility parameter similar to that of the COC itself, the solvent can be absorbed into the bulk substrate. Like most thermoplastics, COC is a moderately hydrophobic material with low surface energy. However, selective treatment of COC with UVO oxidizes the exposed surface, generating surface charges that can render it inert to solvent uptake and allowing regions with differential solvent absorption to be formed. We recently demonstrated that native COC surfaces exhibit permanent volume changes following cyclohexane uptake, resulting in surface height increases that can be controlled over a wide range by adjusting the solvent exposure conditions (Rahmanian et al. 2012; Rahmanian and DeVoe 2013) . To form the thermoplastic burst valves, a short 5-min exposure to solvent vapor results in a 3-to 5-µm-height difference between the native and UVOtreated COC surfaces. By growing the entire surface of the microchannel substrate, except for a small UVO-treated region bridging two or more discontinuous channels, a shallow trench is formed between the deeper channel structures. After the initial solvent bonding step, this trench provides fluidic interconnection between the microchannels, as seen in Fig. 2a . The UVO-treated regions appear colored in this image due to the difference in refractive index within the shallow gap. After thermocompression bonding under sufficient pressure to collapse the shallow gap, the valve region appears clear due to elimination of the refractive index gradient (Fig. 2b) . Since the bond strength at the solvent bonded interface is significantly stronger (Chen et al. 2009a; Tsao and DeVoe 2009 ) than thermally bonded valve region, the closed valve can be opened by applying a sufficient pressure within one of the microchannels. When the pressure reaches a critical point (Fig. 2d) , the weakly bonded region fails, opening the seal and allowing fluid to flow between the newly interconnected channels. Because thermocompression bonding is performed at a relatively low temperature to prevent significant flow of polymer during the bonding step, significant residual stress within the valve region allows the gap to return to its original height after the valve is actuated, ensuring a well-defined fluid flow path for the open valve.
The critical burst pressure at which a valve will open and the final back pressure during steady-state flow of liquid through the opened valve are both affected by the UVO treatment time. Modifying COC surfaces by UVO treatment has been shown to enhance thermal bonding of COC by increasing wettability of the surfaces, enhancing mechanical interlocking and inter-diffusion of the polymer chains during bonding (Tsao et al. 2007; Tsao and DeVoe 2009) . However, UVO treatment also impacts solvent absorption, with longer treatment times and higher levels of oxidation resulting in less solvent uptake. To estimate the extent of surface oxidation, sessile water contact angle was used as an indirect measure of surface charge density, since hydrophobicity is inversely correlated with surface charge. As shown in Fig. 3 , the contact angle decreased with longer UVO exposure time until reaching a lower limit of 20° at 20 min. Following solvent exposure of COC chips containing valve designs with nominal dimensions shown inset in Fig. 3 , the chips were sealed and the valves were characterized to determine burst pressure and back pressure. For treatment times below 20 min, significant solvent uptake within the treated regions resulted in the valves remaining closed over the full range of inlet pressures up to 12 MPa, whereas for a 20-min UVO treatment, the valves opened at an average input pressure of 1.53 MPa. While no further decrease in contact angle occurred for longer UVO exposures, a significant reduction in burst pressure was observed when extending the exposure time from 20 to 30 min, suggesting that some amount of solvent is still absorbed by the COC at the 20-min time point, thereby strengthening the bond within the valve region. Increasing the exposure time to 30 min further inhibits solvent uptake, resulting in a primarily thermal bond at the valve interface that can be actuated at a lower input pressure. All further experiments were performed using a UVO exposure time of 20 min to enhance the difference between burst pressure and back pressure, making it easier to identify valve actuation events from pressure measurements alone.
In addition to UVO treatment time, the effects of valve geometry on burst pressure and back pressure were also studied, with results presented in Fig. 4 . For all experiments, the nominal device dimensions were the same as those provided inset in Fig. 3 . As shown in Fig. 4a , the burst pressure exhibits a slight drop as the width of the valve region is increased from 1 to 3 mm, but remains nearly constant as the width is further increased to 1 cm. The higher burst pressure observed for the 1-mm-wide valve is presumed to result from the low width:length ratio for this design, resulting in constrained lateral crack propagation relative to the crack length during valve opening. In contrast to the insensitivity of burst pressure to valve width, a significant drop in back pressure was found to occur with increased width, reflecting the larger cross-sectional flow path presented by the wider valve structure. In principle, smaller valve regions on the order of several tens of micrometers can be readily patterned using our previously demonstrated techniques (Rahmanian et al. 2012 ; Rahmanian and DeVoe 2013). However, since both burst pressure and back pressure rapidly increase as the valve area is reduced, the minimum practical valve geometry is dictated by the limits of these parameters that can be tolerated for a given design.
Valve performance was also evaluated as a function of inlet and outlet channel width, as shown in Fig. 4b . Significantly, neither burst pressure nor back pressure was found to be correlated with the channel width, even for designs where channel width is of the same length scale as the width of the valve itself. These data confirm that valve performance is determined by the properties of the valve region itself, indicating that burst valves may be designed independently from the microfluidic channels interfaced with the valves.
In a further study of valve geometry, the distance between the tips of the inlet and outlet channels was varied between 500 and 1,500 µm. As illustrated in Fig. 4c , channel gap appears to have a strong influence on valve performance, with both burst pressure and back pressure directly correlated with the channel gap. With larger gaps, the burst pressure required to open the valve increases rapidly. At the same time, back pressure increases due to the longer flow path between the inlet and outlet channels, resulting in higher hydrodynamic resistance for larger gaps. However, because the valve area is held constant in these experiments, with inlet and outlet channels positioned symmetrically about the center of the valve region, variations in channel gap result in different lengths by which the channels intrude into the valve area. To evaluate whether the channel gap or the channel position relative to the valve region is responsible for the changes in burst pressure observed in Fig. 4c , an additional set of experiments was performed using square valves with constant 3 mm side lengths and different channel gaps, similar to the devices used for Fig. 4c , but with variations in positioning of the channels relative to the valve center. By allowing the channels to be asymmetric within the valve region, the influence of channel position could be assessed independent of channel gap. The resulting measurements are presented in Fig. 5 , which displays the measured burst pressure as a function of the minimum radial distance between the inlet channel and the center of the valve region. A clear linear trend is observed for all data sets, regardless of the channel spacing. Although not explicitly displayed in this figure, the results also demonstrate that positioning of the outlet channel does not impact the burst pressure.
While the valve opening process is presumed to involve crack opening consistent with the principles of fracture mechanics applied to the bonded valve interface, the results presented in this work are based on experimental characterization of bond failure using internal pressures applied within laterally confined channels, similar to pressure burst tests used to characterize microchannel substrate bond strength.
While the complex loading state used in these experiments limits the ability to infer details of the bond interface physics, the results provide engineering insight into valve behavior and reveal several important aspects of the underlying valve opening mechanism. Following thermal bonding of the valve region, a high residual tensile stress is imposed at the bond interface, as the closed micrometer scale gap seeks to relax to significant role in defining the burst pressure than the total force exerted over the full width of the valve. As the separation force is moved closer to the center of the valve region, the maximum bending moment generated in the thermoplastic substrate rapidly increases, resulting in higher strain energy at the interface and thus a lower burst pressure. This hypothesis is consistent with the burst pressure versus channel position measurement presented in Fig. 5 , as well as the data in Fig. 4c which show that as the channel gap widens, and the tip of the input channel is positioned further from the center of the valve region, the burst pressure increases. Within the limits of our optical measurements, with image capture performed at a rate of 60 frames/s, valve response time is essentially instantaneous. While the relationship between substrate thickness and burst pressure was not explored in this work, the expected reduction in bending stiffness associated with a thinner capping layer may provide an additional approach to controlling the burst pressure.
After investigating the fundamental relationships between valve design and actuation pressure, a microfluidic device employing multiple valves operating with different burst pressures and coupled with manual on-chip pumps was fabricated to evaluate the utility of the thermoplastic burst valves for microfluidic operations including reagent storage and fluid mixing. Individual liquid reagent storage wells were integrated upstream of four on-chip burst valves, as can be seen in Fig. 6a . Each storage reservoir was first tapped to create threaded a port, and solutions of water mixed with different colored dyes were introduced into each of the open wells by pipette. The ports were then capped using fine pitch stainless steel screws, sealing the fluid packets between the upstream screw and downstream burst valves. Actuation of each valve was realized by manual rotation of the corresponding screw (Fig. 6b) .
In this demonstration device, the burst valves were configured to couple multiple inlets with single outlets, allowing for mixing of reagents by Taylor dispersion following successive actuation of each valve as seen in Fig. 6c, d . Opening of the valves using the screw pumps was found to be robust, with consistent actuation observed. By sealing different air volumes within the reservoirs, the number of turns required to reach the defined burst pressure could also be controlled. The valves themselves were highly resistant to accidental opening during chip handling, with no actuation observed after dropping chips multiple times onto a rigid floor from a standing position. Long-term on-chip reagent storage is an essential requirement for point-of-care analytics and diagnostics. Currently, the majority of platforms designed for near-care use lack on-chip storage, and rely on the end user to manually pipette or pump reagents into the device prior to assay execution (van Oordt et al. 2013) . Various approaches to on-chip reagent storage have been explored, including storage of liquid reagents packaged in glass ampules (Hoffmann et al. 2010) , and both liquid and dry reagents in foil pouches (van Oordt et al. 2013) , with controlled release in a lab-on-a-cd platform. Similarly, long-term storage of horseradish peroxidase conjugated antibodies in paperbased microfluidic devices has been explored (Ramachandran et al. 2014) .
One goal of this work was to demonstrate the integration of dried reagents within reagent storage reservoirs on thermoplastic chips without the need for additional components such as paper, glass ampules, or foil packaging as used in prior work. To demonstrate on-chip reagent storage, a saturated 0.5 µL fluorescein salt solution was pipetted into open reagent reservoirs located between two burst valves prior to sealing the device, i.e., after the first step in Fig. 1 . The fluorescein was air dried, and the resulting substrate containing dehydrated reagent was then bonded to a capping layer as described in Fig. 1b-e . DI water was injected in the microchannel using a syringe pump, allowing pressure to build up until reaching the critical level for valve actuation. Upon actuation of the first valve, with a designed burst pressure of 1.2 MPa, reconstitution of the dried fluorescein salt is initiated. Since the second valve was engineered to open above 2 MPa pressure, a brief period of pressure accumulation is observed, during which fluorescein salt becomes fully dissolved in water that has entered the reagent reservoir. As the pressure within the reagent chamber increases, the second downstream valve opens, allowing fluorescent solution to pass through downstream channels. A sequence of images showing each stage of this process is depicted in Fig. 7 . It is notable that employing valves with different burst pressures in this configuration has two advantages. First, valve actuation can be automated, with no interference from the end user required once the syringe pump is set at predefined volumetric flowrate. Second, the differential burst pressure can be engineered to define the desired time for dry-stored reagents to fully dissolve prior to opening the second valve.
A potential concern regarding the packaging of reagents using the presented burst valve technology is that the temperature employed during valve bonding may affect thermally sensitive reagents. We note that for a wide range of reagents, such as polymerase, nucleotides, and surfactants used in polymerase chain reaction (PCR), and many proteins which can resist denaturation at 95 °C, thermal degradation under the current process conditions is not an issue. Furthermore, thermal stability of proteins including antibodies required for immunoassays can be significantly enhanced by lyophilization in the presence of sugar-based cryoprotectants (Cleland et al. 2001; Meyer et al. 2009; Chang and Pikal 2009) . For other reagents where thermal stability remains an issue, local control over chip temperature during bonding may provide an alternative solution to this challenge. 
Conclusion
A single-use normally closed valve technology suitable for integration into a wide range of thermoplastic microfluidic systems has been developed. The fabrication process requires minimal infrastructure and is fully compatible with conventional processing methods employed for microfluidic device development using COC substrates. Parametric studies revealed the key relationships between valve design parameters and performance, enabling both burst pressure and final back pressure of the valves to be independently tuned for specific applications, and allowing multiple valves with different actuation pressures to be achieved within a single device. Fabricated devices are realized that require low burst pressures of only 1-2 MPa, making the valves compatible with a simple manual actuation method leveraging integrated screw pumps. Effective on-chip packaging, reconstitution, and release of dehydrated reagents were demonstrated, with an engineered burst pressure differential between upstream and downstream valves used to control the reagent release process. The fabrication of multiple valves into a device supporting on-chip liquid storage and selective reagent delivery and mixing using manual screw pumps was successfully demonstrated. We anticipate that the normally closed valves will find utility for sealing and long-term on-chip storage of bioactive reagents in liquid or dried format, enabling reconstitution, mixing, and delivery of stored reagents for a range of disposable point-of-care assays that can take advantage of the low material cost and attractive chemical and physical properties of thermoplastic microfluidic devices. Fig. 7 Image sequence revealing a on-chip packaging of dehydrated fluorescein salt within an integrated storage chamber, b pressure-induced valve actuation upstream (at 1.2 MPa) and downstream (at 2 MPa), thereby rehydrating the dye and releasing it into the outlet channel, and c complete emptying of the reagent storage chamber
